Abstract Codon usage patterns of duck hepatitis A virus (HAV) were studied in the present study. The major trends of codon usage patterns were analyzed using principal component analysis on the basis of the relative synonymous codon usage values. Correlation analysis was utilized to reveal the associations of the first two major axes of PCA and nucleotide-or amino acid-relevant indices. Our results showed that compositional constraint and/or mutational pressure are major factors influencing codon usage bias patterns of HAV. However, the influence of natural selection is also prevalent, as indicated by strongly significant correlations between the hydrophobicity, aromaticity, aliphaticity and ionization and the first axis of PCA. Also, ionization could characterize the second axis of PCA. At last, maximum likelihood phylogenetic analysis shows that there are no remarkable geographic clustering patterns of HAV strains in the phylogenetic tree. However, through MANOVA test, there are significant differences on the codon usage patterns among HAV strains from different countries. In conclusion, both mutational pressure and natural selection are of equally great importance to codon usage patterns of duck HAV genomes.
Introduction
Synonymous codon usage is a phenomenon describing that different codons encode a same amino acid [2] . Synonymous codons are not used randomly [4, 16] . Many factors may contribute to synonymous codon usage bias, for example, mutational pressure [12] , natural selection [21] , and translational efficiency [16] and so on.
Duck hepatitis A virus (HAV), is the only species in the genus Avihepatovirus of the family Picornavirdae, containing a large open-reading frame (ORF) [23] . The genome size of hepatitis virus has around 7500 nucleotides. Synonymous codon usage bias patterns of hepatitis viruses have been extensively quantified in recent studies for all the five subtypes (A, B, C, D, and E) [1, 3, 7, 10, 23] . However, the analysis on HAV was incomplete [23] , because in that previous study, only 21 genomes were analyzed. Up to date, there are much more genome sequences released in GenBank database for HAV. In a recent query of GenBank database, we found that over 100 genome sequences are available for HAV. As such, a comprehensive analysis on the codon usage bias patterns of duck HAV may be necessary to offer a holistic understanding of codon usage patterns in the virus evolution.
Although there are many literature contributing to understand codon usage bias patterns in virus evolution [9, 21] , there is still a great lack of developing a quantitative procedure to analyze the relative importance of each influencing factor.
Therefore, there should have at least two novelties for the present study: (1) introduce two new chemical properties of amino acids (ionization and aliphaticity) and investigate their potential roles in shaping codon usage bias patterns of virus evolution quantitatively; (2) provide an updated analysis of synonymous codon usage bias patterns for duck HAV and elucidate the underlying driving mechanisms of codon usage bias for the virus.
Materials and methods

Sequences
The 101 available complete genomes of duck HAV were obtained from GenBank (http://www.ncbi.nlm.nih.gov/). The coding regions of the genomes were retained for being analyzed on codon usage patterns. Among the 101 genomes, there are only 90 ones being unique from each other. As such, our subsequent analyses were performed on the 90 genomes, which were sampled from mainland China, South Korea, Taiwan of China and Vietnam respectively. The accession numbers for the genomes and other information were available in Supplementary material. By using the alignment of the whole genomic sequences, a phylogenetic tree reconstructed using maximum likelihood method [18] with 1000 bootstrapping replicates was presented in Fig. 1 .
Measures of relative synonymous codon usage (RSCU)
Relative synonymous codon usage (RSCU) values of each codon in a gene were calculated to investigate the characteristics of synonymous codon usage. The RSCU index was calculated as follows [4, 14] ,
where g ij is the observed number of the i-th codon for the j-th amino acid which has n j ni kinds of synonymous codons. Higher (or lower) RSCU values, higher (or lower) frequencies of the codons being chosen. When the RSCU values are close to 1, indicating that the codon is chosen randomly and evenly.
Effective number of codons
The effective number of codons (ENC) is a measure of bias from equal codon usage in a gene [22] . The calculation formula is, 
where " F k (k = 2, 3, 4, 6) is the mean of F k values for the kfold degenerate amino acids, which is estimated using the formula as follows,
where n is the total number of occurrences of the codons for that amino acid.
where n i is the total number of occurrences of the ith codon for that amino acid.
In our study, we calculated an improved ENC index [17] . ENC ranges from 20 for the strongest bias (where only one codon is used for each amino acid) to 61 for no bias (where all synonymous codons are used equally).
For revealing the relationship between GC3s and ENC values, the expected ENC values for different GC3s were calculated as follows,
where s denotes the value of GC3s [9] . The observed and expected ENC values were compared to determine the influence of nucleotide compositional constraint on structuring synonymous codon usage bias.
Codon adaptation index (CAI) and the correlation between CAI and ENC The codon adaptation index (CAI) estimates the extent of bias toward codons that are known to be favored in highly expressed genes [15] . Thus, CAI index is one of the most powerful indices for quantifying the influence of natural selection on codon usage patterns. We simply USE the codon usage table for Escherichia coli as the reference to compute the CAI index for HAV. Because ENC can be driven by both mutation and selection [20] , it might not be a robust index to show the relative contribution of mutation and selection on structuring codon usage patterns. Moreover, the codon usage bias of base composition of the ORFs of a species with A/T biased genomes will behave differentially than those species with G/C biased genomes, as such, ENC-GC3s plot might be potentially misleading. In contrast, CAI is suggested as the most powerful index for showing the influence of natural selection on codon usage patterns [4, 15, 20] . If CAI value is high, then codon usage bias is extremely high and the influence of natural selection is prevailing. Thus, some previous studies [20] suggested to utilize the correlation between CAI and ENC values to show the relative influence of mutation and selection. If selection is more important, the correlation (r) between the two quantities should be very high (r ? -1). In contrast, if mutation force is more important, r should approach 0 (no correlation).
Indices for measuring chemical properties of amino acids
Hydrophobicity (GRAVY) and aromaticity (Aromo) of conceptually translated gene product may be factors influencing codon usage bias patterns of viruses [5, 11] . As such, we quantified both indices to reveal the evidence of natural selection on codon usage bias.
For hydropobicity index [11] , it is calculated as,
where N is the number of amino acids, and k i is the hydrophobic index of the i-th amino acid. For Aromo index [11] , it is calculated as,
where v i is either 1 (for an aromatic amino acid) or 0 (for a non-aromatic amino acid), N is the number of amino acids.
In the present study, we also quantified other chemical properties of amino acids and reveal their possible influences on affecting codon usage biases, including the measures of aliphaticity and ionization (those amino acids with ionizable side chains).
For aliphaticity index, it is calculated as,
where l i is either 1 (for an aliphatic amino acid) or 0 (for a non-aliphatic amino acid), N is the number of amino acids. For ionization index,
where m i is either 1 (for an ionizable amino acid) or 0 (for a non-ionizable amino acid), N is the number of amino acids.
Relative dinucleotide abundance
Because dinucleotide biases can affect codon usage bias, the relative abundance of dinucleotides (RAD) in the coding regions of the genomes was assessed using a previous method [8] with an odds ratio q xy = f xy /f x f y , where f x and f y denote the frequency of the nucleotide X and Y respectively. f xy is the frequency of the dinucleotide XY (there are 16 dinucleotides in a total). When q xy [ 1.23 (or q xy \ 0.78), the dinucleotide pair XY is regarded as overrepresented (or under-represented) on its relative abundance in the genomes [24] .
MANOVA test on the codon usage difference among HAV strains from different regions
We performed a MANOVA test to check whethere there were significant codon usage difference among the 90 HAV strains for each sampling country/region (mainland China, Taiwan of China, South Korea and Vietnam). All the abovementioned codon usage indices were calculated for each sequence and used for MANOVA test. The Pillai statistic was calculated to test for significance.
Multivariate statistical analysis and correlation analysis
Principal component analysis (PCA) was conducted to investigate the major trend involved in the codon usage patterns of the genomes from different virus strains, which were measured by corresponding RSCU values for the 59 codons (after excluding Met, Trp, and three termination codons) [23] . Boldface indicated the most preferentially used codon for each amino acid (only synonymous codons are considered). ObsFreq indicated observed number of the codon in the genomes
The first two axes of PCA (PC1 and PC2) were then subjected to correlation analysis. A Spearman's rank correlation analysis was used to infer the relationships between different codon usage indices and the first two principal components (PC1 and PC2) of duck HAV RSCU values.
Results
Synonymous codon usage in duck hepatitis A virus
The overall RSCU values of all 64 codons in the 90 genomes of HAV were summarized in Table 1 . All codons which are used preferentially are A or U-ended, except the two amino acids Arg and Val, which chose CGC and CUG as preferred codons. RSCU results are not surprising, because HAV genomes are A?U rich, the ranges of AU content for different virus strains are between 0.566 and 0.583, with an average 0.573 and SD 0.003.
Compositional properties of HAV ORFs, PCA analysis and correlation analysis
The values of A, U, C, G and GC were compared with the values of A3s, C3s, G3s, U3s and GC3s respectively ( Table 2) . Being inconsistent to the previous study [23] , which presented complex correlations amongst these quantities, we found that most quantities were strongly significantly correlated, except for the insignificant correlations between U and C3s, U and GC3s, G and GC3s, C and U3s. This result implied that mutation pressure from the base composition was a principal driver structuring codon usage bias patterns of the virus because the effects of mutational pressure could happen over all the codon positions.
PCA showed that the first two axes could explain 75 % of the total variance involved in codon usage patterns of HAV ( Fig. 2; Table 3 ). The first axis is paramount, explaining around 65 % of total variance. The correlation between these compositional quantities and the first two axes of PCA showed that compositional constraint is a principal driver of codon usage bias patterns of HAV. As showed in Table 3 , PC1 is significantly correlated with all the quantities except GC content. In a comparison, PC2 is most correlated with C3s and GC3s, similar to the finding in the previous study [23] . It is found that the two new introduced indices, aliphaticity and ionization, are also significantly correlated with PCA major axes. As seen in Table 3 , PC1 is negatively correlated with aliphaticity but positively correlated with ionization. Additionally, ionization could characterize the second axis of PCA as well with a correlation coefficient r = 0.286 (p \ 0.05).
Analysis on ENC and CAI indices
The values of ENC (see Supplementary material) among the HAV ORFs are similar, varying from 49.6 to 52.4, with a mean of 50.8 and SD of 0.62, suggesting that the codon usage bias is relatively low. The low codon usage bias is also proven by the low CAI indices over different genomes (see Supplementary material). The observed ENC values were all laid under the expected ENC curve considerably but not crossing or closing the null curve (Fig. 3) , implying the importance of other factors influencing the codon usage pattern of the virus, in addition to mutational pressure. This result is basically analogous to the plot in a previous study [23] . Moreover, the correlation (r = -0.29, p \ 0.05) between CAI and ENC (Fig. 4) implied that both selection and mutation play essential roles on structuring codon usage biases of HAV ORFs because as predicted above, when selection is the principal driver of codon usage biases, the correlation between CAI and ENC should be r = -1.
Relative abundance of dinucleotides
For the RAD, there were two highly chosen dinucleotides (q xy [ 1.23), UG and CA, and two under-represented ones (q xy \ 0.78), CG and UA (Table 4 ). The relative abundance of CpG showed that most remarkable low value (0.289 ± 0.038). The correlation between the RAD and the first two axes of PCA showed that most dinucleotides (14) are significantly correlated with PC1, while only 7 ones are significantly correlated with PC2 (Table 4 ).
Codon usage difference comparison among HAV sequences from different regions
Evolutionary divergence among HAV strains from different origins on the codon usage patterns is significant. Through MANOVA test (Table 5) , it is found that the strains from different countries have significant differences (F 36;231 ¼ 2:3, p \ 0.05). As such, HAV sequences from different origins presented significant codon usage divergence.
Discussion
Compositional constraint and/or mutational pressure greatly influences codon usage bias of HAV For the first axis of PCA (Table 3) , base A content and A3s content were the most important factors in representing the major trend of codon usage bias patterns of HAV. For the second axis of PCA (Table 3) , it was found that both GC and GC3s were the characterizing factors the second gradient of codon usage bias patterns of HAV, as proven by the strong positive correlation between the two indices and PC2 values. As a consequence, the principal trends in Further, it was found that the correlation between the overall base frequency and the base frequency at the third codon position are highly correlated ( Table 2 ). As such, mutational pressure is very vital too for explaining codon usage patterns.
CpG suppression and relative abundance of dinucleotides could lead to codon usage bias in HAV genomes CpG suppression could also contributed to codon usage bias [6, 19] . In our study, we further found such an evidence for HAV. PC1 are strongly correlated with the RAD AA and AG. Interestingly, it was found that there are strong correlations (r [ 0.9, p \ 0.001) between the relative abundances of AA and AG and the hydrophicity, the frequency of base A, A3s and CAI index, indicating the influence of mutational pressure and natural selection on codon usage patterns of HAV is synergistic.
To reveal the effects of CpG under-representation on codon usage bias, the RSCU values of the eight codons that contain CpG (CCG, GCG, UCG, ACG, CGC, CGG, CGU and CGA) were analyzed. Of these codons, we found that four ones, CCG (RSCU = 0.061), GCG (RSCU = 0.096), UCG (RSCU = 0.086), and ACG (RSCU = 0.097), were heavily suppressed, while two ones, CGG (RSCU = 0.735) and CGA (RSCU = 0.848) were slightly suppressed. Finally, only one codon CGU (RSCU = 1.014) is selected randomly and the last one CGC (RSCU = 1.403) is selected preferentially (Table 1) .
Besides, as evidenced by the correlation analysis between the first two axes of PCA and the relative abundances of dinucleotides, we found that other dinulceotides were also influential to affect codon usage bias patterns of HAV. For example, when we checked the under-representation of UpA, of the eight codons that contain UpA, we found 7 ones were markedly or slightly suppressed (RSCU \ 1), except for the codon UAU, which became a preferred optimal codon (RSCU = 1.539) for amino acid Tyr. Interestingly, the over-representation of two Table 4 Summary of correlation analysis between the first and second principal components in PCA analysis and relative abundances of 16 All the codon usage indices presented in Supplementary material were used in the test but excluding A, T, G and C contents to avoid multicollinearity issue dinucleotides UpG and CpA had different stories. Initially, we would expect that most codons containing UpG or CpA should be largely preferred, however, among the seven codons containing UpG (excluding one stop codon), it was found that only three ones (UUG, UGU, GUG) had RSCU [ 1.2. In contrast, the codons containing CpA was consistent with our prediction, for all the eight codons, 4 were selected as preferred optimal codons, and the other 4 ones were selected as sub-optimal codons (the ones being secondly preferred) ( Table 1 ).
The signature of natural selection on structuring codon usage bias in HAV genomes
Aromo and hydrophobicity are two of the factors in influencing codon usage of HAV. The PC1 values have significant negative correlations with both Aromo and hydrophobicity values for HAV, suggesting that natural selection should be involved as well for the evolution of codon usage of hepatits A virus. The importance of Aromo has been revealed in some other viruses, for example, bovine viral diarrhea virus [21] and classical swine fever virus [19] . However, the emerging influence of hydrophobicity is rarely reported previously. Our study clearly showed that hydrophobicity could also affect HAV codon usage patterns. Moreover, it is found that both aliphaticity and ionization are significantly correlated with PC1 and ionization is significantly correlated with PC2. More importantly, the most powerful index for quantifying natural selection, CAI, is found to be the top one important variable correlated with PC1 (r = -0.976; Table 3 ). As such, all these significant correlations solidly imply the importance of natural selection on structuring codon usage patterns of HAV. For human RNA viruses, it was found that mutational pressure is much more influential than natural selection in influencing codon usage patterns because RAN viruses have higher mutation rates [23] . However, in our study, by using the updated genome information of HAV, we found a prevailing influence of natural selection on structuring codon usage bias of HAV.
Geographic variation and evolutionary divergence of codon usage bias patterns among HAV strains
The above analysis and discussion have holistically revealed the codon usage bias patterns for HAV genomes. However, it has not been determined yet whether the codon usage bias patterns can be linked to the HAV evolution and whether different HAV strains sampled from different geographic regions should differentiation on the codon usage. As such, this part of the discussion focuses on the geographic and phylogenetic patterns of codon usage patterns of HAV strains.
It is commonly known that most HAV strains are from East Asian region, especially China [13] . A previous study [13] on the phylogenetic analysis of HAV strains in the region show that there are no remarkable geographic differentiation among HAV strains. The strains from different countries (e.g., South Korea, China and Vietnam) usually are very similar from each other. Our phylogenetic analysis (Fig. 1) using maximum likelihood method further confirms this finding: sequences sampled from different regions tend to group with each other. For example, DQ256133 from South Korea is very close to NC009750 from mainland China (Fig. 1) . Thus, no distinct geographic clades are found. In contrast, evolutionary divergence among HAV strains on the codon usage patterns is significant (Table 5) , even though there are no remarkable geographic clusering patterns on the phylogenetic tree ( Fig. 1) .
Our study might be a comprehensive study on codon usage patterns of HAV up to date. Codon usage bias is relatively low in HAV genomes. Both mutational pressure and natural selection are of great importance on structuring the codon usage patterns of the virus. The introduction of new chemical properties of amino acids (aliphaticity and ionization) would allow ones to further quantify the importance of natural selection on codon usage bias patterns. At last, there are no remarkable associations between phylogenetic positioning and geographic distribution of HAV strains, but there are significant differences on the codon usage patterns among HAV strains from different countries through MANOVA test.
